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AfigHSAflE 


The  Infection  of  monkey  lungs  by  Pasteurella  nestis  was  studied  with  the 
electron  microscope.  The  disease  was  first  apparent  clinically  at  60  to  70 
hours  and  pathologically  at  72  hours.  At  this  tlma,  the  initial  response 
seen  uith  the  light  microscope  was  alveolar  edema  with  massive  prolifera¬ 
tion  of  organisms.  With  the  electron  microscope,  interstitial  edema  around 
veins  and  bronchi  was  the  earliest  observed  response  to  the  presence  of 
numerous  lntra-alveolsr  bacilli.  Early  in  the  disease,  before  the  onset 
of  s  leukocytic  exudate,  interstitial  fluid  also  accumulated  in  the  form 
of  aubeplthellal  b]«be.  No  evidence  of  significant  vaacular  damage  was 
found  to  account  for  the  marked  Increase  In  permeability,  even  with  the  aid 
of  intravenous  injections  of  colloidal  carbon  prior  to  sacrifice.  Leuko¬ 
cytic  end  mast  cell  factors  lu  the  pathogenesis  of  the  edema  appear 
unlikely.  Once  the  cellular  component  of  the  reaction  developed,  £_. 

Pestle  resisted  both  phagocytosis  by  polymorphonuclear  neutrophils  and 
Intracellular  digestion  by  mononuclear  phagocytes.  Invasion  of  the  tissues 
by  the  organism  was  observed  only  in  the  advanced  stages  of  the  pneumonia, 
when  all  components  of  the  alveolar  septa  were  undergoing  necrosis. 
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Clinical  and  Pathological  Responses  of  Monkeys  to  Aerosols 
of  P.  peatls  . 
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Pneumonic  plague  la  characterized  by  extensive  intra-alveolar  edema 
containing  myriads  of  Paateurella  pest is  prior  to  any  significant  leuko¬ 
cytic  exudate  or  damage  to  Lung  tissue,  when  studied  by  light  microscopy. 
Infected  edema  fluid  is  also  found  at  the  margins  of  consolidated  areas 
and  is  the  initial  change  in  secondary  lesions.1  Other  bacterial  pneumonias, 
such  as  pneumococcal,  seem  to  have  a  similar  pathogenesis,  both  in  the  rare 
human  cases  with  abbreviated  disease  due  to  intervening  accident9  and  in 
experimental  animals,®  but  they  differ  from  plague  in  the  more  rapid  addi¬ 
tion  of  leukocytes,  fibrin,  and  red  blood  cells  to  the  exudate. 

The  electron  microscope  has  been  successfully  employed  lr\  the  study 
of  a  variety  of  inflammatory  reactions  and  their  components,  such  aB 
Leukocyte  migration,4  phagocytosis,8**  and  vascular  permeability,7  but 
there  have  been  few  reports  of  the  ultrastructural  manifestations  of 
bacterial  pneumonia.*- 19  In  view  of  the  value  of  electron  microscopy 
in  detecting  tissue  damage  in  experimental  pulmonary  edema  prior  to  the 
appearance  of  lesions  visible  with  the  light  microscope,*'*  it  seemed 
appropriate  to  examine  the  lungs  of  animals  exposed  to  aerosols  of  P. 
pest is  In  order  to  describe  the  ultrastructural  changes  in  necrotizing 
pneumonia  and,  hopefully,  to  determine  the  pathogenesis  of  the  extensive, 
early  edema. 


II.  MATERIALS  AND  METHODS 


A.  ANIMALS 

Rhesus  monkeys  fMacaca  mulatto)  imported  from  India  were  housed  locally 
for  at  least  90  days  before  use.  Young  adults  of  both  sexes  weighing 
between  2.6  and  3.25  kg  were  housed  in  pairs  and  were  fed  Purina  monkey 
chow*  and  water  ad  libitum.  Tuberculin  testing  waB  performed  monthly, 
and  oi.lv  egatlve  reactors  were  used. 


B.  ORGANISM  AND  EJfPOSURES 

The  KIM-10  strain  of  P.  gestis  was  used.  The  isolation,  maintenance, 
and  cultural  characteristics  have  been  described,19  as  have  the  methods 
of  aerosol  generation,  animal  exposure,  and  dosimetry.  The  calculated 
Inhaled  dose  in  these  experiments  averaged  1360  bacilli  per  monkey. 


*  Ralston  Purina  Co.,  St.  Louis,  Mo. 
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Fairs  of  monkeys  were  chosen  at  random  at  6,  12,  24,  48,  72,  and  96 
hours  post -exposure  to  P.  pestle  aerosols.  Each  monkey  was  Injected  intra 
muscular ly  with  Semylan,®*  27o  mg  per  kg  of  body  weight,  which  produced 
stupor  within  10  to  15  minutes.  One  of  each  pair  then  was  given  an  intra¬ 
venous  injection  of  colloidal  carbon,**  0.1  g  per  100  g  of  body  weight. 
Three  to  5  minutes  later,  the  monkeys  were  sacrificed  with  Intravenous 
pentobarbital. 


D.  TISSUE  PREPARATION 

Immediately  after  the  pent"  ibarbita 1  Injection,  the  chest  was  opened 
and  the  lungs  were  excised.  They  were  dissected  free  of  mediastinal 
tissues  and  weighed.  They  were  fixed  by  endotracheal  perfusion  of  cold 
TL  glutaraldehyde  buffered  to  pH  7.2  by  0.1  M  phosphate  to  give  a  total 
osmolality  of  444  milllosmols.  The  perfused  lungs  were  immersed  In  the 
same  fluid  at  0  to  4  C  for  1  hour,  then  examined  grossly  and  sectioned. 
Five  to  ten  l.-am  cubes  of  tissue  from  representative  areas  of  each  lung 
were  taken  for  electron  microscopic  examination,  and  sections  of  all  lobes 
measuring  2  by  1  by  0.4  cm  were  excised  for  paraffin  embedding  and  light 
microscopy.  The  latter  sections  were  5-  to  7-p  thick  and  were  stained 
with  hemataxylln-eosln  and  Slemaa'a  stain.  Processing  for  electron  micros 
copy  consisted  of  washing  in  phosphate  buffer  adjusted  to  444  milllosmols 
with  0.25  M  sucrose,  mincing  in  buffer,  fixing  in  17*  osmium  tetroxlde  for 
1  hour,  dehydrating  in  graded  alcohols,  embedding  in  Epon  812,  sectioning 
at  400  to  800  A  with  a  Porter-Blum  MI  1  microtome,  treating  sections  on 
unsupported  copper  grids  with  a  saturated  solution  of  uranyl  acetate,  and 
viewing  In  a  RCA  EMU  3-G  microscope. 


*  Parke,  Davis  &  Co.,  Detroit,  Mich. 

**  Pellkan  C  ll/1431a,  Gunther -Wagner  Co.,  Hanover,  Germany 
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ill.  RESULTS 


A.  CLINICAL  COURSE  AND  ROUTINE  PATHOLOGY 

The  clinical  course  and  routine  pathological  findings  are  summarized 
in  Table  1.  Until  approximately  60  hours  post -exposure,  there  were  no 
clinical  signs  of  Infection,  so  that  the  eight  monkeys  ^.erificed  prior 
to  72  hours  appeared  healthy,  with  no  remarkable  findings  in  the  lungs  on 
gross  or  microscopic  examination. 

The  remaining  four  monkeys  developed  temperatures  of  104  to  105.3  F 
between  60  and  72  hours  post -exposure  and  had  alight  tachypnea  (respiratory 
rate  of  60  to  70  per  minute).  They  were  otherwise  clinically  well,  with 
no  lethargy  or  loss  of  appetite.  This  is  similar  to  previous  studies  on 
pneumonic  plague  in  monkeye.1"4  At  necropsy,  the  Lungs  of  one  of  the  96- 
hour  monkeys  (No.  11)  were  considerably  heavier  than  normal,  and  those  of 
the  other  96-hour  monkey  (No.  12)  appeared  slightly  heavier,  when  compared 
with  body  weight  (Table  1). 

All  four  monkeys  sacrificed  at  72  and  96  hours  had  pneumonia,  the  moBt 
extensive  being  confluent  gray  hepatization  of  the  right  lower  lobe  of 
monkey  No.  10.  There  was  central  llquefactlve  necrosis  of  this  area, 
and  the  overlying  pleura  was  dull  and  opaque  with  hemorrhagic  foci.  An 
area  of  Increased  consistency  and  excess  fluid  was  present  in  the  left 
upper  lobe  of  this  monkey,  and  similar  foci,  consistent  with  early 
lobular  pneumonia,  were  found  in  the  other  three  monkeys. 

Microscopically,  each  of  the  four  monkeys  examined  at  72  and  96  hours 
had  pneumonia,  with  a  range  of  lesions  in  each  animal  that  conformed  to 
the  many  earlier  descriptions  of  the  disease  in  both  man  and  animals. 1,16 
The  mildest  infection  was  found  in  monkey  No.  12  and  consisted  of  extensive 
alveolar  edema  containing  numerous  bacilli  and  a  variable  leukocytic 
infiltrate  of  the  septa  and  alveoli  (Fig,  1  to  3).*  In  some  areas,  there 
were  very  few  polymorphonuclear  neutrophils  within  septal  capillaries,  but 
individual  alveoli  elsewhere  were  filled  with  the  same  cells.  No  changes 
in  the  alveolar  walls  could  be  detected  initially  (Fig.  3),  but,  after 
examining  the  electron  micrographs,  it  was  possible  to  recognize  sub- 
epithelial  blebs  in  the  areas  of  edema  with  the  light  microscope.  They 
consisted  of  rounded  elevations  of  the  alveolar  wall,  7-  to  12 -p  in 
diameter,  that  contained  eosinophilic  fluid.  Their  origin  could  be 
ascertained  only  with  the  electron  microscope  (see  belcw) .  Perivascular 
and  peribronchial  lymphatics  in  the  vicinity  of  the  early  lesions  were 
distended  with  fluid.  Bronchi  and  terminal  bronchioles  were  not  remark¬ 
able.  The  same  histologic  appearance  characterized  the  secondary  lesions 
in  monkeys  No.  10  and  11. 


*  See  Appendix. 
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Mure  advanced  lobular  pneumonia  consisted  of:  alveolar  cone ol Ida t ion 
by  polymorphonuclear  neutrophils  and  a  few  mononuclear  cells;  extensive 
infiltration  of  septa,  Interlobular,  peribronchial,  and  perivascular 
connective  tissue  by  Che  same  cells;  massive  growth  of  bacilli  in  the 
alveoli  and  lymphatics;  and  foci  of  inf lamination  and  necrosis  of  hvonchiolar 
epithelium.  Hemorrhages  and  focal  necrosis  of  che  alveolar  septa  were 
numerous  in  the  centers  of  the  confluent  areas  of  pneumonia  (Fig.  4). 

The  carbon  Injections  did  not  reveal  the  site  of  increased  vascular 
permeability.  Prior  to  72  hours,  the  only  evidence  of  the  presence  of 
carbon  consisted  of  diffuse  black  stippling  of  the  blood  in  large  vessels. 

In  animals  No.  10  and  11,  discrete  aggregates  of  carbon  occluded  arterioles 
and  capillaries,  both  in  the  areas  of  pneumonia  and  elsewhere.  No  carbon 
was  detected  in  the  alveolar  edema  fluid  or  rn  lymphatics. 


B.  ELECTRON  MICROSCOPY 

With  the  aid  of  routine  histologic  sections  and  1-p-thick  toluidine- 
blue-Btained  sections  of  each  capsule  of  plastic -embedded  tissue,  it  wub 
possible  to  select,  for  study  with  the  electron  microscope,  areas  of  the 
lung  that  represented  a  progression  from  minimal  to  maximal  alterations 
of  the  normal  morphology.  The  progression  1b  assumed  to  reflect  the 
temporal  sequence  of  inflammation,  and  the  observations  will  be  presented 
according  to  that  interpretation. 

No  ultra  structural  alterations  in  lung  morphology  were  observed  prior 
to  72  hours.  Numerous  sections  from  the  6-hour  and  48-hour  monkeys  were 
examined  with  special  diligence  in  an  effort  to  locate  F.  pestls  in  the 
periods  soon  after  exposure  to  the  aerosol  and  just  preceding  the  onset: 
of  frank  pneumonitis.  Although  the  sections  included  portions  of  diBtul 
bronchi,  bronchioles,  alveoli,  venules,  veins,  and  lymphatics,  neither 
organisms  nor  changes  in  the  tissues  were  observed. 

1 .  Edema 

Sections  from  the  areas  of  alveolar  edema  found  by  light  microscopy 
showed  numerous  plague  bacilli  in  the  alveoli  but  none  in  tho  tissue. 

There  were  many  areas  with  no  morphologic  changes  despite,  the  presence 
of  the  organisms.  Fluid  in  the  alveoli  w as  not  sufficiently  dense  to 
be  recognised.  Interstitial  edema  could  be  detected  by  its  effects 
in  separating  normal  structure  and  was  the  earliest,  tissue  alteration 
to  be  recognised.  Perivascular  and  peribronchial  connective  tissues 
were  widened  by  finely  granular  material  that  ranged  in  opacity  from  that 
of  background  (Fig.  IS,  16,  27  and  28)  to  that  of  plasma  (Fig.  24  and  2r), 
Interstitial  fluid  also  accumulated  beneath  the  thin  segments  of  the 
aveolar  epithelium  (Type  I  cell),  resulting  in  large  blebs  or  blisters 
(Fig.  5)  that  were  also  visible  with  the  light  microscope.  In  some 


10 


oecLiuna,  it  wj»b  impossible  to  determine  whecner  cne  tiuid  was  extracellular 
or  within  a  large  intracellular  vacuole  (Fig.  5  and  7).  However,  other 
■ectlons  clearly  revealed  continuity  of  the  fluid  with  the  interstitial 
space  (Fig.  6).  Although  affected  alveolar  epithelial  cells  were  strikingly 
attenuated  by  the  blisters,  they  were  not  remarkable  otherwise.  Some  cells 
shewed  a  few  small  cytoplasmic  vacuoles  In  the  areas  with  the  blebs  (Fig.  7). 
Some  blebs  in  the  areas  having  a  cellular  infiltrate  also  contained  leuko¬ 
cytes  (Fig.  6)  or  erythrocytes  (Fig.  7);  however,  carbon  was  rarely  found 
in  the  blebs,  even  when  present  in  nearby  vessals.  As  the  pneumonia  pro¬ 
gressed,  interstitial  edema  became  more  extensive  and  spread  from  the  perl- 
truncal  areas  to  the  thin  portions  of  the  septa.  At  this  time,  blebs  were 
no  longer  seen. 

2.  Endothelial  Lesions 

The  capillary  endothelium  showed  minimal,  focal,  cytoplasmic 
alterations  in  the  areas  of  edetna.  Swelling  of  the  cells  with  rarefac¬ 
tion  of  the  cytoplasmic  matrix  was  seen  rarely  in  the  early  stages  but 
became  common  in  the  more  inflamed  areas.  This  change  often  was  restricted 
to  part  of  a  single  cell,  leaving  organelles  and  pinocytotlc  vesicles 
Intact  (Fig.  9),  and  was  therefore  considered  to  be  a  degenerative 
phenomenon.  Other  early  endothelial  changes  consisted  of  the  formation 
of  multiveslcular  bodies  (Fig.  9  and  10),  lipid  vacuolea  (Fig.  11),  and 
cytoplasmic  inclusions  of  indeterminate  nature  (Fig.  10  and  11).  The 
appearance  of  membrane- like  structures,  or  myeLin  figures,  within  the 
cytoplasm  may  indicate  degeneration  of  some  of  the  internal  membranes  of 
the  cell.  No  increaae  in  the  number  or  size  of  the  pinocytotlc  vesicles 
was  noted  at  any  atage. 

More  advanced  endothelial  damage  was  found  in  the  areas  of  necrosis . 
where  all  elements  of  the  tissue  were  involved.  These  changes  consisted 
of  swelling  of  the.  cell,  opacification  of  the  cytoplasmic  matrix,  vacuoliza¬ 
tion  of  mitochondria,  and  disruption  of  the  cell  membrane  (Fig.  12).  No 
Intravascular  thrombi  were  observed  at  any  time  durinj  this  study,  and 
even  when  small  vessels  were  plugged  with  carbon,  the  occasional  platelet 
in  the  area  appeared  intact  and  retained  its  granules.  No  fibrin  was  found. 

.iji 

3.  Cellular  Exudate  jj 

Extravasation  of  erythrocytes  was  noted  in  some  areas  with  both.  :j- 
the  light  (Fig.  1)  and  electron  (Fig.  7  and  8)  microscopes.  Very  infre¬ 
quently,  an  erythrocyte  was  observed  leaving  a  capillary  for  the  inter-  1 
otitis 1  space  (Fig.  12).  A  gap  in  the  endothelial  lining  was  associated' 
with  alterations  in  the  cytoplasm  of  the  cells  at  the  site,  which  appeared 
more  dense  and  homogenous  than  normal  with  no  vesicles.  Otherwise,  the 
tissue  in  these  areas  appeared  unaltered.  No  erythrocytes  were  found 
emerging  from  veins  or  venules. 
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Leukocyte  migration  could  be  traced  from  capillar lea  and  more  often 
from  venules  into  the  interatltlum  and  thunce  into  the  alveoli  (Fig.  14  to 
19).  Polymorphonuclear  neutrophils  and  monocytes  appeared  simultaneously 
within  vessels  (Fig.  8),  in  the  interstitium  (Fig.  3,  16  and  17),  and  in 
the  alveoli  (Fig.  19),  although  neutrophils  outnumbered  monocytes  through¬ 
out  the  period  of  this  study.  Eosinophils  (Fig,  19)  were  found  in  tbe  more 
Intensely  inflamed  and  necrotic  areas.  Lymphocytes  and  plasma  cells  were 
not  part  of  the.  reaction.  The  passage  of  leukocytes  through  the  vessel 
wells  was  accompanied  by  either  no  change  or  minor  alterations  of  the 
endothelium  (Fig,  14  and  15),  and  the  defects  appeared  to  be  between  cells. 
Gaps  permitting  the  migration  of  leukocytes  out  of  vessels  also  allowed 
the  egress  of  carbon  (Fig.  15),  which  otherwise  was  confined  to  the  blood 
plasma  or  to  cytoplasmic  vacuoles  of  monocytes.  The  cytoplasm  of  alveolar 
epithelial  cells  af.  the  sites  of  leukocytic  migration  was  homogenously 
granular  and  devoid  of  pinocytotic  vesicles  (Fig.  18),  just  as  was  tbe 
endotl.  ;lium. 

4.  Interactions  of  Leukocytes  and  Organism 

Neutrophils  were  plentiful  in  vessele,  interstitium,  and  alveoli, 
and,  in  the  letter  site,  were  in  proximity  to  many  plague  bacilli  (Fig. 

22),  yet  phagocytosis  by  neutrophils  was  very  rarely  observed.  Once  in 
the  interstitium  or  alveoli,  some  neutrophils  had  cytoplasmic  vacuoles 
(Fig.  8,  16  and  17),  but  others  appeared  degranulated  without  the  forma¬ 
tion  of  vacuoles  (Fig.  18).  Monocytes  did  phagocytize  P.  nestis  (Fig.  20 
end  21),  as  well  as  leukocytes  (Fig.  20),  erythrocytes,  phospholipid 
profiles,  and  other  debris.  Lysosomes  and  phagocytic  vacuoles  were 
Inconspicuous  until  the  cells  reached  the  interstitiuin  or  alveoli.  The 
outcome  of  phagocytosis  of  the  bacilli  was  generally  unfavorable  to  the 
monocyte  (Fig.  22  and  23),  although  a  bacillus  occasionally  appeared  to 
be  undergoing  digestion  (Fig.  21). 

5  Epithelial  Lesions 

The  alveolar  epithelium  displayed  little  early  response  to  the 
presence  of  numerous  F.  nestle  in  the  lumen.  Only  in  the  ar«as  of  intense 
Inflammation  did  the  lining  cells  rhcw  morphological  abnormalities.  These 
consisted  of:  focal  swell  .ng  of  the  endoplasmic  reticulum  of  both  the 
granular  (Type  II)  pneumoncyte  (Fig.  24)  and  the  squamous  (Type  I) 
epithelial  cell  (Fig.  25);  mitochondrial  swelling  with  loss  of  cristae 
(Fig.  25);  rarefaction  of  the  cytoplasmic  matrix  (Fig.  25)}  and,  finally, 
sloughing  of  the  cell,  leaving  exposed  basement  membrane  (Fig.  26). 

6.  Mast  delis 

Normal-appearing  j<ast  cells  were  present  in  the  adventitia  of 
veins  and  venules  early  in  the  pneumonitis,  when  edema  was  the  predominant 
feature  (Fig.  27).  Later,  when  leukocytic  exudation  was  active,  some  mast 
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cells  had  empty  granules  (Fi g.  28).  They  joined  In  the  general  process 
af  necrosis,  with  fragmentation  of  cytoplasm  and  disruption  of  the  cell 
membrane  in  the  advanced  lesions. 


IV.  DISCUSSION 


For  approKioately  60  hours  post-exposure  to  aerosols  of  P.  pestle, 
the  monkeys  exhibited  no  clinical  sighs  of  infection.  This  was  correlated 
with  the  absence  of  tissue  alterations  during  the  first  48  hours  of  the 
serial  sacrifice  experiment,  as  shown  by  both  light  and  electron  microscopy. 
By  72  hours  post -exposure,  the  monkeys  developed  fever  and  mild  tachypnea, 
and  their  lungs  contained  areas  of  lobular  pneumonia.  The  failure  to  find 
organisms  in  the  tissue  prior  to  this  time  is  disappointing  but  hardly 
surprising.  One  reason  is  that  P .  peatl*.  like  other  bacteria  administered 
in  en  aerosol,1**1 7  virtually  disappears  during  the  first  few  hours 
post-exposure.  Smith  et  al.iy  estimated  that  only  57,  of  a  calculated 
Inhaled  dose  was  recovered  from  the  lungs  of  mice  by  culture  16  hours  post- 
exposure.  Meyer1*  reported  approximately  10%  recovery  In  guinea  pigs  12 
hours  pcct-exposura.  Applying  their  figures  to  the  present  experiment, 
approximately  100  plague  bacilli  would  have  been  expected  in  the  lungs  at 
12  tc  16  hours  post -exposure.  When  this  estimate  Is  considered  In  light 
of  the  problem  of  sampling  for  the  electron  microscope  (In  which  the  total 
yoluts*  of  tissue  included  in  the  2S0  to  500  thin  ae<  ions  examined  from 
each  pair  of  lungs  approximated  0. 00025  cubic  mm) ,  the  chance  of  finding 
organisms  prior  to  an  advanced  degree  ,of  proliferation  la  Indeed  infinitesi¬ 
mal.  Thua,  the  question  of  the  location  of  the  bacilli  during  the  pre- 
iitflammatory  stages  of  infection  remains  where  it  was  left  by  Domaradskll.*0 
Two  houts  following  the  exposure  of  guinea  pigs  to  an  aerosol,  bacilli  ware 
seen  In  bronchi  and  alveoli  of  the  medial  portions  of  the  lung  near  the 
hllua,  but  only  a  few  bacilli  could  be  seen  by  5  hours,  and  they  were 
within  macrophage a.  At  24  hours,  bacilli  were  present  only  In  vacuoles 
of  macrophages.  They  were  not  traced  thereafter. 

Our  primary  Interest  In  studying  the  early  stages  of  pneumonia  was  to 
determine  the  pathogenesis  of  the  edema.  Electron  microscopy  confirmed  the 
earlier  finding1  that  a  serous  exudate  precedes  the  appearance  of  leukocytes 
lx>  the  tissues  and  further  revealed  that  the  first  leukocytes  to  appear 
In  the  interstitial  tissue  and  alveoli  possessed  Intact  granules.  Thus, 
it  la  unlikely  that  leukocyte  permeability  factors  of  the  sort  described 
by  Movat  and  co-worker^1  or  other  lysosomal  substances88  are  responsible 
for  the  early  Increase  in  vascular  permeability.  Similarly,  there  Is  no 
support  for  the  possibility  that  mast  cells,  with  their  content  of 
vasoactive  amines,  heparin,  and  proteolytic  enzymes,*  have  a  significant 
influence  on  the  eerly  onset  of  edema  because  the  many  mast  cells  found 
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In  Che  adventitia  of  veins  and  venules  during  the  early  stages  had  numer¬ 
ous  Intact  granules.  Later  In  the  disease,  some  of  the  cells  displayed 
empty  granules,  which  is  one  method  for  release  of  their  content,"*  but 
this  can  only  be  considered  a  secondary  development. 

There  was  no  morphologic  evidence  for  significant  vascular  damage  as 
an  initial  response  to  infection.  Although  there  were  a  few  capillary 
endothelial  cells  with  swollen  rarefied  cytoplasm  and  others  with  a  variety 
of  intracellular  inclusions,  similar  changes  were  present  in  the  areas 
without  edema  as  well,  and  all  were  too  uncommon  early  in  the  infection 
to  account  for  the  massive  outpouring  of  flu£d  in  some  locations.  Carbon 
particles  having  an  average  diameter  of  250  A  could  not  be  traced  through 
or  between  endothelial  cells  of  veins  or  capillaries  until  large  gaps 
opened  for  the  passage  of  leukocytes  or  erythrocytes.  The  failure  to 
detect  defects  with  carbon  is  similar  to  Florey's  experience34,  with 
ferritin  in  the  inflamed  colon  of  the  rat,  but  differs  from  Marchesl's 
observation83  that  colloidal  carbon  passed  through  intracellular  junctions 
of  venule  endothelium  in  mildly  traumatized  rat  mesentery.  A  tracer  of 
considerably  smaller  size,  such  as  the  peroxidase  of  Karnovsky,38  would 
seem  more  appropriate  in  future  efforts  to  detect  the  sites  of  increased 
vascular  permeability.  No  increase  in  the  size  or  number  of  pinocytotlc 
vesicles  was  found,  as  has  generally  been  the  case.37 

The  plague  bacillus  may  be  directly  responsible  for  edema  without 
invoking  the  participation  of  an  endogenous  mediator.  The  precedent  for 
such  a  possibility  was  established  many  years  ago  for  the  pneumococcus 
by  Sutllff  and  Friedemann,3*  who  isolated  a  soluble  product  of  the  coccus 
that  provoked  edema  in  both  the  akin  and  lungs  of  dogs  and  helped  to 
explain  the  propensity  of  pneumococcal  pneumonia  to  spread  rapidly  through¬ 
out  an  entire  lobe.  In  the  case  of  P.  pestls.  Schar  and  Meyer3*  used  the 
protein  murine  toxin  from  the  bacillus  to  produce  in  mice  by  intranasal 
inoculation  a  pneumonitis  that  strongly  resembled  the  early  stages  of 
plague  pneumonia  with  interstitial  edema  followed  by  leukocytic  exudation, 
necrosis,  and  hemorrhage.  The  murine  toxin  is  relatively  non-toxic  for 
monkeya  and  most  other  species  except  mice  and  rats,30  but  other  components 
of  £•  Pfe»tis  might'  have  similar  effects.  Interstitial  pneumonitis 
(characterized  by  massive  alveolar  septal  edema,  foci  of  capillary  hemorrhage, 
and  a  cellular  reaction  consisting  of  neutrophils,  mononuclear  phagocytes 
and  eosinophils)  was  produced  in  rabbits  24  hours  post-exposure  to  aerosols 
containing  Escherichia  coll  endotoxin.31  Recent  studies  suggest  that  endo¬ 
toxin  may  have  a  significant  role  in  experimental13*33  and  humat^3  plague 
by  causing  intravascular  coagulation  with  disseminated  fibrin  thrombi. 

There  have  been  increasing  efforts  recently  to  isolate  toxic  lipopoly- 
aaccharides  from  F.  pestls.34  The  delay  between  the  onset  of  a  logarithmic 
growth  rate  of  the  organism  at  6  to  12  hours  after  infectiorP8  and  the 
appearance  of  edema  aome  48  to  60  hours  later  may  indicate  that  it  is 
necessary  for  a  certain  quantity  of  toxin  to  accumulate  in  the  tissues 
before  edema  is  produced. 
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The  resistance  of  P.  £83.0},  to  phagocytosis  by  polymorphonuclear 

aeutroohi  1  ft  V4«  unk  t-Um.  mlaas....  _a _  - 
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Previous  studies  demonstrated  that  P.  pestle  acquires  resistance  to 
phagocytosis  by  neutrophils  after  a  certain  period  of  infection.** 
rurtnemofs,  neutrophils  fall  to  ingest  phagocytosis ‘sensitive  bacilli 
following  exposure  to  virulent  organisms.**  Plasma  from  guinea  pigs 
moribund  with  plague  sepsis  Inhibits  phagocytosis  of  aeneitlve  bacilli 
by  normal  neutrophil,  in  vitro.*’  in  addition  to  these  acquired  factors 
that  Impair  cellular  responses  to  infection,  the  Ingestion  of  bacilli  by 
phagocytes  does  not  insure  digestion  of  the  organism,  few  examples  of 
morphologic  damage  to  bacilli  within  macrophages  were  seen,  but  many 
alveolar  macrophages  containing  Intact  bacilli  were  found  in  various 
stages  of  degeneration.  This  substantiates  previous  conclusion^"  that 
*  “*i*t*nc®  of  P.  £ejft^s  to  intracellular  digestion  may  have  greater 

significance  for  the  virulence  of  the  organism  than  its  resistance  to 
phagocytosis* 


The  inflammatory  and  necrotic  lesion*  described  here  for  pneumonic 
plague  are  of  Interest  because  there  have  bean  no  reports  of  bacterial 
pneumonias  studied  with  the  electron  microscope.  The  changes  represent 
a  composite  of  the  various  Inflammatory  procesaes  studied  In  many 
experimental  situations.  ~7  Hanv  of  the  pulmonary  lesions  have  been 
described  in  viral  pneumonitis,**  toxic  adema,1*  and  in  rasponse  to 
changes  in  the  fxygen  content  of  inspired  air.11  Previous  studies  of 
bacterial  pneumonia  with  the  electron  microscope  have  dealt  with  the 
granulomatous  response  to  tubercle  bacilli**10  and  with  the  early  exuda- 
le“k?cyt**tn  “tea  exposed  to  pneumococci.*  The  latter  report 

S  Tph’  °f  Uukocytei  P**,ln8  out  of  capillaries  between 

endothelial  cells,  just  as  in  plague,  and  it  mentions,  but  does  not 

\lv*°Ur  •P^helial  membrane  early  in  the  infection. 

"U*11*r  eiectron  Micrographs  are  obtained  from  such 
a  variety  of  studies  because  common  artifacts  result  from  similar  processing 
techniques  is  unlikely  because  there  are  significant  differences  as  well,  * 
For  example,  osmotic  effects  may  account  for  alveolar  epithelial  cell 

*^d  v*c«°ii**tion  in  pneumonic  plague,  «0  veil  as  in  fresh  water 
drowning,  inhalation  of  carbon  monoxide,4r  or  poisoning  of  rats  with 
alpha •naphthylthlouraa,4"  but  the  subendothelial  fluid  accumulations 
found  in  those  studlee  end  in  staphylococcal  enterotaxicity1*  and  oxygen 
toxicity1  are  not  found  in  plague.  Therefore,  instead  of  attributing 
*““: U*  l**lon*  to  Mi*treatmsnt  of  the  tissues,  it  appears  more  likely 
that  the  lung  can  respond  to  a  variety  of  noxious  stimuli  in  but  a  few  ways. 
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APPENDIX 

PHOTOMICROGRAPHS  AND  ELECTRON  MICROGRAPHS 


All  electron  micrographs  appearing  herein  are  of  sections  treated  with 
a  saturated  solution  of  uranyl  acetate.  The  meanings  of  the  abbreviations 
most  frequently  used  in  the  figures  are: 

A  -  alveolar  lumen 
C  “  capillary  lumen 
I  ■  interstitial  tissue 

M  *  mononuclear  leukocyte  (monocyte,  histiocyte) 

P  *  polymorphonuclear  neutrophil 
bm  -  basement  membrane 

Less  frequently  used  abbreviations  are  identified  in  the  individual 
figure  captions. 
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Figure  1.  Pulmonary  Edema.  The  adventitia  of  a  vein,  perivascular 
lymphatics,  and  many  alveoli  are  distended  by  eosinophilic  fluid.  There 
is  minimal  leukocytic  Infiltration  and  focal  extravasation  of  erythrocytes. 
Hematoxylin  and  eosln.  X  68. 

Figure  2.  Early  Lobular  ‘aeumonia.  Tht  alveoli  and  alveolar  ducts  are 
filled  with  eosinophilic  fluid  containing  numerous  P.  pestls.  Neutrophils 
and  some  mononuclear  leukocytes  are  found  in  modeBt  numbers  in  the  septa 
and  alveoli.  Hematoarlin  and  eosln.  X  210. 

Figure  3.  Infected  Edema  Fluid.  The  alveolua  is  filled  with  P.  pestls. 
There  is  no  significant  cellular  exudate,  and  the  septa  appear  unremark¬ 
able.  Glemaa.  X  1100. 

Figure  4.  Necro tiring  Pneumonia.  The  alveolar  architecture  la  obliterated. 
Neutrophlla  are  abundant,  and  there  are  colouiea  of  P.  pestls  in  the  peri¬ 
vascular  lymphatics.  Hematoxylin  and  eosln.  X  210. 


Figure  5,  in tra -alveolar  Bleb.  A  subepithelial  bleb  ie  formed  by  the 
dissection  of  edema  fluid  between  the  alveolar  epithelial  cell  and 
the  basement  membrane.  In  this  illustration,  the  possibility  that  the 
fluid  is  within  an  intr -cellular  vacuole  cannot  be  excluded.  X  6400. 

Figure  6,  Interstitial  Edema  Continuity  between  the  fluid  in  a  similar 
bleb  and  the  intcrstitium  is  shewn  in  several  places  (arrows).  Also  there 
is  a  leukocyte  within  the  field.  X  5500. 

Figure  7.  Interstitial  Edema  and  Hemorrhage.  Erythrocytes  are  present 
within  a  bleb.  Because  of  the  plane  of  sectioning,  continuity  of  the 
fluid  with  the  intcrstltium  is  not  seen.  The  figure  illustrates  preserva¬ 
tion  of  the  epithelial  cell  membrane,  both  on  the  side  of  the  lumen  and  on 
that  facing  the  basement  membrane.  Carbon  particles  are  present  in  the 
capillary,  but  those  ovar lying  the  upper  erythrocyte  may  be  an  artifact. 

X  8000. 

Figure  8.  Interstitial  Exudate.  A  capillary  contains  a  neutrophil  and 
monocytes.  The  capillary  endothelial  cell  (En)  is  unremarkable.  Leuko¬ 
cytes  and  erythrocytes  are  present  in  the  Interstitial  tissue.  X  4000. 


Figure  9 .  Capillary  Endothelial  Damage  -  anrtv.  A  pore ion  o£  >u  <u<iuumlinl 
cell  displays  swelling  and  rarefaction  of  the  cytoplasm.  Finocytotlc 
vaslclss  arc  present  at  the  b* membrane  and  lumens 1  surfaces  of 
the  cell.  Mitochondria  and  a  fragment  of  rough  endoplasmic  reticulum 
(arrow)  appear  Intact.  The  adjacent  endothelial  cell  (lower  tight)  is 
unremarkable  except  for  a  multivesicular  body  (m).  The  Junction  between 
cells  is  Intact.  X  14,400. 

Figure  10.  Capillary  Erdothcllal  Damage  -  Early.  There  is  focal  rarefaction 
of  the  cytoplasm  with  formation  of  myelin  figures.  A  definite  encapsulating 
membrane  around  this  material  cannot  be  seen.  To  the  right  of  the  membranous 
material,  a  small  multivesicular  body  is  present  (arrow) „  The  basement 
membrane  and  the  alveolar  epithelial  cell  appear  normal.  X  21,000. 

Figure  11.  Capillary  Endothelial  Damage  -  Early.  Oamlophillc  cytoplasmic 
inclusions  of  undetermined  origin  are  seen  in  a  large  vacuole.  This  clear 
area  la  appareutly  limited  by  a  single  membrane.  The  adjacent  endothelial 
cell  (right)  contains  a  round  cytoplasmic  inclusion  typical  of  Lipid. 
Aggregates  of  carbon  are  within  the  lumen.  Mo  carbon  was  round  within 
endothelial  cells  of  capillaries  or  veins  at  any  time.  X  25,000. 

Figure  12.  Capillary  Endothelial  Damage  -  Late.  This  section  was  taken 
from  an  area  of  necrosis  seen  with  the  light  microscope.  There  is  swelling 
or  increased  electron  density  of  endothelial  cell,  pericyte  (per),  and 
fibroblast  cytoplasm  (f).  Mitochondria  in  the  endothelial  cells  are  swollen 
and  vacuolated.  There  is  fragmentation  of  the  cell  at  the  upper  left  with 
a  gap  between  cells  (arrow).  The  interstltium  is  edematous.  X  11,800. 

Figure  13.  Brvthrocvte  Dlapedeala.  An  erythrocyte  resembles  a  collar 
button  because  of  pinching  of  the  cell  as  it  passes  through  a  gap  between 
endothelial  cells  (arrow).  The  cytoplasm  of  the  endothelial  cells  at 
this  site  appears  somewhat  homogeneous  and  is  devoid  of  plnocytotlc 
vesicles  (compare  with  adjacent  Intact  cells).  X  11,800. 


Figure  14.  Leukocyte  Migration.  A  neutrophil  ie  similarly  pinched  et 
the  site  of  e  gep  in  the  capillary  endothelium  (arrows).  The  upper  left 
portion  of  the  cell  la  in  the  lnterstltlum,  while  the  lower  right  portion 
la  atf.ll  within  the  capillary  lumen.  The  endothelial  cells  appear  intact. 
X  9700. 

Figure  15.  Leukocyte  Migration.  A  monocyte  la  partially  outalde  the 
vessel  lumen.  The  margina  of  the  gap  are  shown  by  arrows.  Abundant 
extracellular  carbon  accompanies  the  cell  through  the  defect.  X  14,400. 

Figure  16.  Leukocyte  Migration.  A  neutrophil  and  a  monocyte  lie  between 
the  endothelium  and  the  basement  membrane  of  a  capillary.  Ths  lumen  of 
the  vessel  is  compressed  to  a  narrow  allt  (arrow)  by  the  leukocytes.  The 
interstitial  tissue  is  edematous.  X  5400. 

Figure  17.  leukocyte  Migration.  The  wall  of  a  venule  is  shown,  with  the 
lumen  (V)  to  the  right.  Neutrophils  and  monocytes  are  seen  immediately 
beneath  the  intact  endothelium.  Another  monocyte  lies  between  the 
endothelial  basement  membrane  and  smooth  muscle  cells  (arrows).  X  5400. 
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Figure  18.  Leukocyte  Mia-stlon.  There  le  t  gep  (arrows)  In  the  alveolar 
epithelial  lining,  through  which  two  neutrophils  are  emerging  from  the 
interstltium  into  the  alveolar  lumen.  Portions  of  the  epithelial  cell 
cytoplasm  in  the  area  appear  slightly  opaque  and  granular.  Mote  the 
absence  of  granules  in  the  polymorphonuclear  leukocyte  at  the  upper 
left.  This  cell  le  otherwise  intact  and  contains  no  phagocytiaad  material 
or  vacuoles  in  this  plane  of  sectioning.  X  7200. 

Figure  19.  Alveolar  Exudate .  The  three  leukocytes  that  comprise  the 
cellular  reaction  throughout  the  middle  and  late  stages  of  pneumonic 
plague  are  shewn.  At  the  top  is  a  monocyte,  then  a  neutrophil,  and  at 
the  bottom  an  eosinophil  (E)  with  its  characteristically  large,  eval 
granules  containing  osmlophilic  crystals.  X  5400. 

Figure  20.  Phagocytosis .  An  alveolar  macrophage  hee  incorporated  a  neutro¬ 
phil  with  Intact  granules  and  plague  bacilli  within  phagocytic  vecuolaa. 

Both  bacilli  appear  unremarkable  (arrows).  The  granular  material  surround¬ 
ing  each  bacillus  my  represent  the  capsule .  Only  a  few  lyaosomes  (small, 
round,  dense  cytoplasmic  organelles)  era  present.  X  9700. 

Figure  21.  Intracellular  Digestion.  Comparison  of  the  two  bacilli  in  this 
figure  reveals  changes  in  the  one  within  the  macrophage.  The  cytoplasm, 
composed  chiefly  of  ribosome,  is  relatively  pale,  and  the  nuclear  material 
my  be  slightly  shrunken  end  fragmented.  The  cell  wall  Is  scalloped. 

These  changes  my  represent  partial  intracellular  digestion.  X  21,500. 
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Figure  22.  Hacroals  of  a  Phagocyte .  An  alveolar  macrophage  that  had 
apparently  contained  several  P.  pestle  shows  fragmentation  of  the  cytoplasm 
with  disruption  of  the  cell  membrane  and  raleasa  of  bacilli.  The  Inner 
nuclear  membrane  has  drawn  away  from  the  outer  membrane,  and  the  chrome  tin 
of  the  nucleue  le  condensed.  This  may  represent  pyknoeis.  A  neutrophil 
(left)  Is  very  close  to  the  bacilli  but  shows  no  pseudopods  or  phagocytic 
activity.  X  4000. 

Figure  23.  Necrosis  of  a  Phagocyte.  Another  example  of  the  release  of 
several  P.  peseta  from  a  disrupted  alveolar  macrophage  is  shown.  X  4000. 

Figure  24.  Invasion.  Several  P.  past la  are  present  in  the  lnterstltlum 
of  an  alveolar  septum  between  the  epithelial  basement  membrane  and  some 
collagen  and  elastic  fibers  (left).  A  granular  pneuaocyte  (right)  shews 
multiple  vacuoles  and  dilated  endoplasmic  reticulum  (arrows)  in  addition 
to  the  usual  osmlophlllc  inclusions.  X  14,400. 

Figure  25.  Epithelial  Degeneration.  Tha  alveolar  epithelial  cell  at  the 
upper  left  contains  swollen  mitochondria  and  several  round,  membrane -bound 
inclusions  within  a  rarefied  cytoplasmic  matrix.  Rarefaction  is  also 
found  in  the  epithelial  cell  to  the  right.  The  lnterstltlum  is  markedly 
edematous.  X  9000. 

Figure  26.  Epithelial  Slouehina.  Denuded  basement  membrane  la  shown  at 
tha  upper  left  (arrow).  A  remnant  of  a  granular,  opacified  epithelial 
cell  covert  the  membrane  to  the  right.  The  capillary  endothelium  le  Intact 
X  14,400. 

Figure  27.  Heat  Cell.  A  normal  Mat  call  la  found  in  the  edematous 
adventitia  of  e  vein  early  In  the  disease.  X  5400. 

Figure  28.  Hast  Cell  Deeranulatlon.  The  granules  of  the  mast  cell  retain 
their  structural  integrity  but  appear  empty.  The  lnterstltlum  is  edematous 
This  was  from  an  area  of  more  advanced  inflammation.  X  5400. 
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Department  of  the  Army 

Fort  Detrlck,  Frederick,  Maryland,  21701 

v  The  infection  of  monkey  lunge  by  Peeteurella  Beetle  vai  studied  with  the  electron 
microscope .  The  dieeaee  wae  first  apparent  clinically  at  60  to  70  hours  and  patho¬ 
logically  at  72  hours.  At  this  tine,  the  initial  response  seen  with  the  light  micro¬ 
scope  was  alveolar  edema  with  missive  proliferation  of  organisms.  With  the  electron 
microscope,  interstitial  edema  around  veins  and  bronchi  was  the  earliest  observed 
response  to  the  presence  of  numerous  intra -alveolar  bacilli.  Early  in  the  dlosasa, 
before  the  onset  of  a  leukocytic  exudate,  interstitial  fluid  also  accumulated  in  the 
form  of  subeplthellel  blebs.  No  evidence  of  significant  vascular  damage  was  found 
to  account  for  the  marked  increase  In  permeability,  even  with  the  aid  of  Intravenous 
injections  of  colloidal  carbon  prior  to  sacrifice.  Leukocytic  and  mast  call  factors 
in  tbs  pathogenesis  of  the  edema  appear  unlikely.  Once  the  cellular  component  of  the 
reaction  developed,  £.  past  is  resisted  both  phagocyte Jls  by  polymorphonuclear  neutro¬ 
phils  and  intracellular  digestion  by  moncnuclaar  phagocytes.  Invasion  of  the  tissues 
by  the  organism  was  observed  only  Is  the  advanced  stages  of  the  pneumonic,  when  all 
components  of  the  alveolar  septa  vera  undergoing  necrosis.  i 
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